We have investigated the role of DNA methylation in the regulation of the expression of the human tissue transglutaminase gene. Studies on the methylation of the transglutaminase promoter in normal and neoplastic human cells demonstrated that the promoter is methylated in vivo and hypomethylation of the promoter is correlated with constitutive gene expression. Demethylation of the promoter in vivo by treatment of the cells with 5-azacytidine increased transglutaminase expression and hypermethylation of the promoter in vitro suppressed its activity. These studies suggest that alternations in DNA methylation may be one of the mechanisms regulating the tissue-specific expression of the tissue transglutaminase gene.
Transglutaminases are a family of calcium-dependent enzymes that catalyze the covalent cross-linking of proteins by forming isopeptide bonds between peptide-bound glutamine and lysine residues (1-3). Members of this multigene family are expressed in diverse physiological compartments. Both keratinocyte transglutaminase and seminal plasma transglutaminase are expressed in highly specialized tissues, the former prominently in differentiating keratinocytes (4) and the latter is synthesized and secreted by prostatic epithelial cells (5) . Other transglutaminases are more ubiquitous in their distribution. Plasma factor XIII is found in blood and extracellular matrix; studies have suggested that the enzyme can be made in several types of cells and tissues such as monocytes and macrophages (6) , platelets (7) , and the placenta (8) . Tissue transglutaminase is expressed in many cells and tissues (1) ; it is abundant in tissues such as smooth muscle, endothelial cells (9) , macrophages (10) , and chondrocytes (11) but is present at very low levels in other cells, such as neurons and skeletal muscle cells (12) (13) (14) .
We have been interested in the factors that control the expression of tissue transglutaminase in both normal and pathological cells and tissues. Previous studies from our laboratory have implicated retinoids as important regulators of the expression of the tissue transglutaminase gene (15) (16) (17) . In vitamin A-deficient rats, depletion of endogenous retinoid stores resulted in a general suppression of the level of transglutaminase activity in the lungs, the liver, and the trachea (18) . These findings suggest that retinoids play a role in physiologically regulating the expression of the enzyme.
Studies of the core promoters of the tissue transglutaminase gene from several species have suggested that they have high constitutive transcriptional activity (19) (20) (21) . This suggests that negative regulatory mechanisms may contribute to the control of the expression of this enzyme and these mechanisms may underlie the pattern of tissue-specific transglutaminase gene expression. The studies reported in this paper were undertaken to determine the role of a generalized negative regulatory mechanism, DNA methylation (22) , in controlling the transcriptional activity of the human tissue transglutaminase promoter. Our results suggest that the methylation of CpG-rich segments of this promoter is correlated with a lowered level of transcriptional activity; ex vivo methylation markedly decreases transcriptional activity of the promoter in vivo. Reciprocally, demethylation after the treatment of cells with 5-azacytidine is associated with increased the enzyme expression. We have concluded that selective demethylation of the tissue transglutaminase promoter may regulate the levels of expression of the gene and may contribute to the tissue-specific pattern of enzyme expression.
MATERIALS AND METHODS
Cell Culture. Human adrenal adenocarcinoma cell line SW13 and HeLa cells were maintained in Dulbecco's modified Eagle's medium (GIBCO͞BRL) supplemented with 10% fetal bovine serum (HyClone) at 37ЊC in a 5% CO 2 ͞95% air incubator. Human erythroid leukemia K562 cells were cultured in RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine serum. Human promyelocytic leukemia HL-60 cells were cultured in RPMI 1640 medium supplemented with insulin (5 mg͞l), transferrin (5 mg͞l), and 3 nM sodium selenite (Sigma). Human umbilical vein endothelial cells (HUVECs) (American Type Culture Collection) were maintained in Dulbecco's modified Eagle's medium with 15% fetal bovine serum and human basic fibroblast growth factor (Genzyme; 10 ng͞ml). Peripheral blood lymphocytes and monocytes were obtained on the day of collection from Gulf Coast Regional Blood Center (Houston, TX) and were isolated by a countercurrent elutriation protocol (23) .
Reagent. 5-Azacytidine was purchased from Sigma. Plasmid DNA. Vectors HTGP2-Luc, pXP2-⌬CAAT-Luc, and pXP2-TG-Luc were made by subcloning the human tissue transglutaminase promoter DNA fragments into promoterless luciferase reporter vector pXP2-Luc (20) . pSV2-AL-Luc was used as the control.
Transient Transfection Assay. Lipofectin-mediated transfection was used for the transient transfection assays according to the protocol provided by GIBCO͞BRL.
Cell Extract Preparation. Cells in 35-mm plates were washed twice with PBS. After 5 min of incubation with cell lysis buffer (25 mM Tris phosphate, pH 7.8͞2 mM dithiothreitol͞2 mM EDTA͞10% glycerol͞1% Triton X-100), the cells were scraped with a rubber policeman. The samples were then centrifuged at 4ЊC for 5 min and the supernatants were transferred to fresh vials. The protein concentration of each sample was determined before the assay for either luciferase activity or ␤-galactosidase activity.
Luciferase Assay and ␤-Galactosidase Assay. Luciferase assays were performed in a Monolight 2010 Luminometer (Analytical Luminescence Laboratory, San Diego). For each assay, 40 l of cell extract was added into a cuvette and the reaction was started by addition of 200 l of substrate buffer (27 mM KH 2 PO 4 /K 2 HPO 4, , pH 7.8͞42 mM MgSO 4 ͞11.2 mM EDTA͞70 mM glycylglycine͞4 mM dithiothreitol͞3.6 mM ATP͞0.4 mM Luciferin). Each reaction was measured for 10 sec; luciferase activity was defined as light units͞mg of protein.
␤-Galactosidase activity was determined by using a protocol for the chemiluminescent detection of ␤-galactosidase (Tropix, Bedford, MA).
In Vitro DNA Methylation. Bacterial methylase HhaI was used to methylate pSV2-AL-Luc and the transglutaminase promoter͞luciferase reporter constructs. Plasmid DNA was incubated with 3 units of HhaI methylase per g of DNA in 50 mM Tris⅐HCl, pH 7.5͞10 mM EDTA͞80 mM S-adenosylmethionine͞5 mM 2-mercaptoethanol. All methylation reactions were incubated at 37ЊC overnight. To test the samples for complete methylation, the DNA was digested with HhaI restriction endonuclease and analyzed by agarose gel electrophoresis. Only samples that were protected from HhaI restriction enzyme digestion by DNA methylation were used in transfection experiments.
Southern Blot Analysis. Genomic DNA was isolated from cells according to a phenol-free protocol (Qiagen, Chatsworth, CA). After restriction enzyme digestion, 20 g of DNA from each sample was fractionated on a 1% agarose gel and then transferred onto a nitrocellular filter. Hybridization was performed according to a standard protocol (24) .
Transglutaminase Assay. Transglutaminase is calciumdependent enzyme and its activity was assayed by measuring the Ca 2ϩ -dependent incorporation of [ 3 H]putrescine into casein as described (25) . Cell lysates were incubated with N,Ndimethylcasein (2 mg͞ml) and [ 3 H]putrescine (0.5 mM) in a buffer containing 20 mM Tris⅐HCl, 5 mM CaCl 2 , 15 mM 2-mercaptoethanol, and 150 mM NaCl. Aliquots were taken at intervals and spotted onto Whatman 3MM filter papers, and the protein-bound radioactivity was determined by trichloroacetic acid precipitation. Enzyme activity was expressed as pmol of [ 3 H]putrescine incorporated into casein per min per mg of cell extract protein. Proteins were determined by the Coomassie blue-binding assay.
RESULTS

Correlation of the Hypomethylation of the Tissue Transglutaminase Promoter with Basal Expression of the Gene.
Genomic DNA from human erythroid leukemia K562 and human promyelocytic leukemia HL-60 cells was digested with HindIII and either HpaII, a methylation sensitive restriction endonuclease, or MspI, a methylation-insensitive isoschizomer. Fig. 1A shows the pattern of bands obtained when digested DNA samples were probed with a 1.74-kb HindIIINcoI fragment derived from the proximal human tissue transglutaminase gene promoter (nucleotides Ϫ1665 to ϩ72). DNA from HL-60 cells digested with HindIII alone gave the anticipated 4.0-kb fragment (lane 1 and same 4-kb band can also be obtained from K562 sample). In HL-60 cells, digestion of DNA with HindIII and MspI, a methylation-insensitive enzyme, gave a 950-bp band ( Fig. 1 A, lane 2), whereas digestion of DNA with the methylation-sensitive isoschizomer HpaII gave a larger band of 1360 bp (lane 3). Digestion of K562 cell DNA with HindIII and MspI gave the same 950-bp band (lane 4) as was detected in the HL-60 DNA whereas digestion with HindIII and HpaII gave two bands of 1360 and 1135 bp (lane 5). These results suggest that in both HL-60 and K562 DNA, the tissue transglutaminase promoter is methylated and, furthermore, that there are differences in the sites of methylation of the promoter in these two tumor cell lines.
The proximal promoter of the human tissue transglutaminase gene includes two CpG-rich regions that fit the criteria for being HTF (HpaII tiny fragment) islands (Fig. 2) , a well recognized sites of DNA methylation. To determine whether methylation at these sites is the basis for the isoschizomer digestion pattern of human tumor cell DNA, the proximal segment of the human tissue transglutaminase promoter (1.74 kb) was methylated in vitro with CpG methylase, a bacterial methylase capable of exhaustive methylation of all CpG dinucleotides, and then digested with HpaII or MspI (Fig. 1B) . 5) . Subsequently, the DNA fragments were fractionated on a 1% agarose gel followed by Southern blot analysis using as a probe the 1.74-kb HindIII-NcoI fragment from the 5Ј flanking region of the human tissue transglutaminase gene. (B) Determination of modification of the human tissue transglutaminase gene promoter by methylation in vitro. The 1.74-kb promoter fragment was methylated by bacterial HpaII methylase. The methylated (M-HTGP) or unmethylated (HTGP) DNA samples were digested by the restriction enzymes HpaII or MspII, respectively. The DNA fragments were fractionated on a 1% agarose gel.
Digestion of the unmethylated promoter with either MspI or HpaII gave a 950-bp fragment compatible with cleavage at both HTF islands (Fig. 2) . Methylation of the promoter had no effect on the MspI digestion pattern but altered HpaII pattern such that fragments of 1.74 Kb, 1.6 Kb, and 1.4 Kb were the major digestion products. These bands, which are larger than the major fragments of the transglutaminase promoter detected in HpaII digests of human tumor DNA, indicate that there are potential sites of methylation that can be methylated in vitro by CpG methylase but are not methylated in vivo (Figs.  1 A and 2) . The results we have obtained are compatible with the conclusion that methylation of two HTF islands in the proximal tissue transglutaminase promoter accounts for the isoschizomer digestion pattern of the promoter in the two human tumor cell lines.
Isoschizomer analysis of the methylation of the transglutaminase promoter in the two human tumor cell lines demonstrated differences in methylation state of the promoter. The presence of a single large band (1360 bp) in the HpaII digest of HL-60 DNA compared with two bands (1360 and 1135 bp) in the equivalent digests of K-562 DNA suggests decreased methylation or hypomethylation of the promoter in K562 as compared with HL-60 cells. K562 cells have a basal level of transglutaminase expression, whereas there is no constitutive expression of the enzyme in HL-60 cells (Table 1) . To determine whether the transglutaminase promoter was also methylated in normal human cells, we conducted isoschizomer analysis of transglutaminase promoter methylation in peripheral blood lymphocytes, monocytes, and primary cultured endothelial cells (HUVECs) (Fig. 3) . In all three cell lines, digestion with MspI gave the anticipated 950-bp fragment (lanes 2, 4, and 6 ). In all three cases, digestion with HpaII gave larger fragments, indicating methylation of the promoter in all three cell types. In both lymphocytes and monocytes, the HpaII band pattern was identical to that in HL-60 cells, a single 1360-bp band was detected (Fig. 3, lanes 3 and 5) . HpaII digestion of HUVEC DNA gave two bands, 1360 and 1135 bp, a pattern that exactly matched the digestion pattern obtained with K562 DNA (Fig. 3, lane 7) . Analysis of the level of transglutaminase expression in these cell types indicated that in both monocytes and lymphocytes, there is no detectable level of expression of the gene whereas in HUVEC cells there is constitutive expression of the enzyme as indicated by significant transglutaminase activity (Table 1 ). These studies suggest that there are at least two basal states of methylation of the tissue transglutaminase promoter. One, characteristic of the promoter in lymphocytes, monocytes, and HL-60 cells, is a relatively hypermethylated state that is paralleled by an absence of detectable level of the enzyme expression. The second state, characteristic of both HUVEC and K562 cells, includes partial demethylation or hypomethylation of the promoter. This latter state is paralleled by the transglutaminase gene expression.
Effect of DNA Demethylation on Transglutaminase Expression. The preceding studies indicate a possible association between hypomethylation of the transglutaminase promoter and increased levels of enzyme expression. To address this issue directly, we induced hypomethylation of the transglutaminase promoter with 5-azacytidine and measured the effect on the enzyme expression. HeLa cells were selected for these studies because, in preliminary experiments, we determined that concentrations of 5-azacytidine of up to 5 M had no FIG. 3 . Methylation state of the tissue transglutaminase promoter in lymphocytes, monocytes, and HUVECs. Genomic DNA from lymphocytes was digested with HindIII (lane 1). Genomic DNA samples from peripheral blood lymphocytes, monocytes, and HUVECs were digested with HindIII plus MspI (lanes 2, 4, and 6), or HindIII plus HpaII (lanes 3, 5, and 7) . Subsequently, the DNA samples were fractionated on a 1% agarose gel followed by Southern blot analysis. Cell extracts were prepared from the cells and assayed for transglutaminase activity (25) . effect on cell proliferation, cell viability, or cell morphology over a 6-day culture period. HeLa cells were treated for 3 or 6 days with 5-azacytidine and then the level of the promoter methylation was assessed by isoschizomer analysis (Fig. 4A) . In both control, 3-day and 6-day treated cells, MspI digestion gave the anticipated 950-bp bands (lanes 1, 3, and 5). Treatment with 5-azacytidine resulted in a progressive decrease in the intensity of the 1360-bp band and a corresponding increase in the 950-bp band in the HpaII digests of 5-azacytidine-treated cells (lanes 2, 4, and 6) . Quantitation of the intensity of the 1360-bp and 950-bp bands by densitometry showed ratio of 25:1, 4.8:1 and 2.4:1 (1360:950) in the day 0, day 3, and day 6 digests, respectively. This alteration in digestion pattern is compatible with progressive hypomethylation of the transglutaminase promoter. The transglutaminase activity of the 5-azacytidine-treated cells was increased after azacytidine treatment (Fig. 4B) .
Inhibition of Tissue Transglutaminase Promoter Activity by ex Vivo DNA Methylation. The effect of ex vivo methylation on the promoter activity of the tissue transglutaminase gene was investigated through transient transfection experiments. First, the tissue transglutaminase promoter͞luciferase reporter constructs were methylated in vitro by HhaI methylase, a sitespecific bacterial DNA methylase, and then to determine if all HhaI sites were protected by methylation, the methylated plasmid DNA was digested with methylation-sensitive HhaI. As shown in Fig. 5 , the control plasmid DNA can be cut by HhaI whereas the methylated plasmid DNA cannot. Subsequently, both the methylated and control plasmid DNA was transfected into SW13 cells, an andrenal adenocarcinoma cell line that showed a high level of promoter activity after transfection with transglutaminase promoter constructs (20) . Consistent with report of Guenette et al. (26) , HhaI methylation did not affect the activity of the simian virus 40 promoter ( Table 2 ). The human tissue transglutaminase promoter͞ luciferase reporter constructs pXP2-⌬CAAT-Luc (nucleotides Ϫ62 to ϩ72), pXP2-TG-Luc (nucleotides Ϫ122 to ϩ72), and HTGP2-Luc (nucleotides Ϫ1665 to ϩ72) contain HhaI sites in the core promoter region and in vitro methylation decreased their transcriptional activity by 50-70% compared with their controls (Table 2 ). These results demonstrated that ex vivo methylation can suppress the high basal activity of the tissue transglutaminase promoter.
DISCUSSION
Analysis of the structure of the promoters of several tissue transglutaminase genes has demonstrated that the core promoters, which contain a TATA-box motif and CpG-rich flanking region, show a high basal transcriptional activity in many types of cells. Even though the core tissue transglutaminase promoter is constitutively active (20) , the intact transglutaminase gene is expressed in a highly regulated manner. Expression of the gene is much lower in some tissues, such as skeletal muscle cells and neurons, than it is in others, such as endothelial cells and chondrocytes. Furthermore, physiological processes such as macrophage activation or the induction of apoptosis can lead to dramatic increases in the expression of the tissue transglutaminase gene (16, 27) . These observations have led us to speculate that the level of expression of the tissue   FIG. 4 . Effect of 5-azacytidine on DNA methylation state of the tissue transglutaminase promoter and the gene expression. (A) HeLa cells were treated with 5 M 5-azacytidine for 3 days or 6 days. On day 6 after 5-azacytidine treatment, the genomic DNA was isolated from control cells (lanes 1 and 2), 3-day treated cells (lanes 3 and 4) , and 6-day treated cells (lanes 5 and 6) and subjected to the digestion with HindIII plus MspI (lanes 1, 3, and 5) or HindIII plus HpaII (lanes 2, 4, and 6), followed by Southern blot analysis. (B) HeLa cells were treated with 5.0 M 5-azacytidine for 3 days. On day 6, the cell extracts were prepared from both control and drug-treated cells and subjected to transglutaminase assay. transglutaminase promoter may be under negative regulatory control (20) . Release from the inhibition of this regulatory mechanism may play an important role in controlling the level of transglutaminase expression in a tissue-specific manner.
The negative regulation of gene expression has been associated with several distinct mechanisms, such as DNA methylation (22, 28) , transcriptional silencers (29) , and nucleosome structure (30) . Methylation has been shown to play an important role in regulating the expression of keratinocyte transglutaminase (31, 32) , another member of transglutaminase multigene family. Since the proximal promoters of several tissue transglutaminase genes contain conserved CpG-rich regions that fit the criteria of an ''HTF island'' (22) , an important site of sequence-specific DNA methylation, we undertook a series of studies to investigate the role of DNA methylation in the control of the expression of the tissue transglutaminase gene.
The results we obtained established a correlation between the degree of promoter demethylation and the constitutive transcriptional activity of the tissue transglutaminase promoter. In HUVECs or K562 cells, in which the level of the enzyme activity was high, the promoter showed evidence of being hypomethylated. In both normal and transformed cells in which the level of expression of the transglutaminase gene was very low (i.e., lymphocytes, monocytes, and HL-60 cells), the promoter was hypermethylated. Altering the level of promoter methylation by treating cells with 5-azacytidine increased the level of tissue transglutaminase activity. The similarity in the effects of methylation on the expression of both tissue and keratinocyte transglutaminases suggests that alterations in the level of methylation of transglutaminase gene promoters may be a common mechanism controlling the expression of several members of this multigene family.
Structural analysis of the proximal promoter of the tissue transglutaminase gene indicated that the sites of DNA methylation are concentrated in two clusters of CpG dinucleotides; one is located in the core promoter (nucleotides Ϫ205 to ϩ75) and the other is located approximately 1.3-kb upstream. In hypomethylated DNA, both clusters of methylation sites appear to undergo equivalent demethylation. Ex vivo methylation of both of these sites resulted in a marked decrease in transcriptional activity, but deletion analysis indicated that methylation of the proximal site, which contains the core promoter, is sufficient to suppress the basal level of transcription. The transcriptional activity of some gene promoters containing HTF-like sequence in their proximal promoter region, such as pro␣1(I)-collagen and platelet-derived growth factor genes, has been shown to be inhibited by methylation whereas the transcriptional activity of others, such as the early promoter of simian virus 40, is unaffected (33, 34) . The demethylation of the transglutaminase promoter may be allelic-specific, since isoschizomer analysis showed that digestion with the methylation-sensitive restriction endonuclease HpaII resulted in the generation of two fragments of equal intensity, representing hypomethylated and hypermethylated alleles. This observation is compatible with a process of allelic-specific hypomethylation or imprinting, in which maternally and paternally inherited copies of the same gene are methylated differently (22) .
Several important morphogens, including retinoids and transforming growth factor ␤, have been reported to regulate the expression of tissue transglutaminase activity. Retinoids have been shown to directly regulate transcription of the tissue transglutaminase gene (17) , but the effects of transforming grwoth factor ␤ are not yet well understood (35) . Because DNA methylation controls the basal level of expression of the tissue transglutaminase gene, we considered the possibility that the inductive effects of retinoids might be linked to alterations in the level of methylation of the transglutaminase promoter. However, treatment of HL-60 cells with retinoids under conditions previously shown to increase transglutaminase activity (36) had no effect on the level of methylation of the endogenous transglutaminase promoter as judged by isoschizomer analysis (data not shown). Thus retinoid-induced increases in tissue transglutaminase expression are not attributable to alterations in promoter methylation.
We believe that alterations in DNA methylation may be involved in the more general level of the control of gene expression, such as tissue-specific expression of the transglutaminase gene. Alterations in DNA methylation have been shown to control tissue-specific expression of several other developmentally regulated genes, FMR-1 (37), MyoD (38) , and actin (39) . One interesting possibility is that alterations in DNA methylation may be intimately linked to the induction of the enzyme that occurs in cells undergoing programmed or apoptotic cell death. Several recent studies have shown that alterations in DNA methylation are frequently associated with the induction of apoptosis (40, 41) . It is possible that the induction of tissue transglutaminase in cells undergoing apoptosis may reflect a consequence of demethylation associated with the induction or activation of apoptosis. SW13 cells were cotransfected with 0.5 g of pSV2-␤-gal vector and 1 g of methylated or control vectors pSV2-AL-Luc, pXP2-⌬CAAT-Luc, pXP2-TG-Luc, or HTGP2-Luc for 48 h, followed by a luciferase assay and a ␤-galactosidase (␤-gal) assay. The ␤-gal activity was used as an internal control.
